Introduction
We describe here a group of large solitary, well-preserved silicic lava bodies from the Central Volcanic Zone of the Andes (CVZ; Figure 1 ). All are highly porphyritic, high-K dacites and rhyolites ( Figure 2 ) and most have a steep-sided, circular plan and would be characterized as "low domes" [cf. Blake, 1990] , while the others are cou16es [cf. Walker, 1973] . These lava bodies are 
Geochronology
Chao is clearly younger than the flanking volcanos of Paniri and Leon, on whose flanks it is constructed. A glacial moraine from Volcan Leon which abuts against the eastern flank of Chao forms part of a complex of moraines that terminate at about 4500 m. These moraines are thought to have been deposited during recession from the last glacial maximum [Hollingworth and Guest, 1967; de Silva and Francis, 1991] . On these grounds, Chao must therefore be older than ~11,000 years. Three biotite separates from Chao I lava have been analyzed by conventional K-Ar and high precision 4øAr/39Ar single crystal laser fusion (SCLF) techniques (Table 1 ). An average age of 423,000 + 100,000 years is suggested by the conventional method and may be a realistic age for Chao. However, individual crystals of biotite from each separate yielded anomalously old ages on SCLF dating. Thus, the K-Ar ages from the bulk separates could be considerably older than the true age. Anomalously old ages from single crystals may be the result of several causes, such as xenocrystic contamination, excess Ar, and K leaching. During microprobe investigations, several biotites with lower than normal totals and low K were found, suggesting that K leaching and alteration may have occurred in the Chao rocks. As a result, the age of Chao is not well constrained, but the SCLF data permit us to suggest that the age of Chao is less than the K-Ar age of 423,000 + 100,000; how much less is unknown.
Geology Pyroclastic Deposits
The most extensive erupted products from Chao are a previously unrecognized pyroclastic sequence that forms an apron 24 km wide and 34 km in extent beyond the southern flow front of Chao lava and is poorly exposed beneath the lava on the eastem side (Figures 3a and 3b ). An unknown but potentially large volume of these deposits is thought to underlie the lava. We conservatively estimate the total dense rock equivalent (DRE) volume of these deposits to be approximately 1 km 3 .
Two groups of deposits are separated by an erosion surface and fluvial gravels ( (Table 2) . Assuming a 3/4 cone with a diameter of 2 km, the DRE volume of the pumice cone is estimated to be 0.5 km 3.
In stratigraphic terms, eruption of the pyroclastic rocks marked the first, explosive phase of the eruption. Moderately explosive vulcanian to subplinian activity produced small, dense pyroclastic flows whose deposits accumulated to the south of the present lava. Erosional horizons within the sequence indicate that activity was semicontinuous. While most of the pyroclastic deposits are probably products of this early explosive phase, their similarity in composition and density to the Chao lava suggests that some of the uppermost block and ash flows may have been generated during part of the main extrusive event that produced the Chao lava, avalanching away from the front of the growing mass of lava. Thus the transition from phase 1 to 2 was gradual and was marked by a decline in pyroclastic flow emplacement. About 1 km 3 of magma was erupted during this phase.
A sparse layer of small pumice fallout lapilli is scattered over 
Chao Lava
We retain the subdivisions Chao I, II, and 1II established by Guest and Sanchez (1969) Densities were determined by cutting cubes and weighing them (estimated accuracy is _+ 30 kg/m3). In most of the dense lava samples, the matrix is a colorless high-silica rhyolite glass (Figure 7a ) which in most of the lava samples is fresh. However, patches of spherulitic devitrification and variable K20 and SiO2 suggest alteration. Some samples also contain microlites of the phenocryst minerals that make up to about 50% of the matrix. The combination of the high phenocryst content and the partly crystallized groundmass leads to a very 
Whole Rock Composition
Whole rock analyses of the the Chao products show that the magma was calc-alkaline, high-K dacite (Table 5) Formation of a viscous carapace, as indicated by the welldeveloped ogives, was probably an important factor in this elevated yield strength estimate [e.g., Blake, 1990 ]. Griffiths and Fink [1993] propose that the strength of the crust, where well developed, is more significant than the physical properties of the internal part of the lava body in controlling morphology and distance flowed.
Chao was erupted onto an average slope of about 4 ø, although the slope may locally have been as great as 20ø(see below). This slope strongly influenced the growth and final morphology of the Chao lava. For magma with a yield strength erupted onto a slight slope, Blake [1990] suggests that for coul6es to form, the Our estimates show that although Chao magma was extremely crystal rich, its rheological properties are typical of silicic lavas in general. This runs counter to the conventional view that increased crystal!inity results in increased bulk viscosity, leading to the system locking up when a critical crystallinity of -40 to 60% is reached [cf. Marsh, 1981] . The fact that many lavas with crystal contents close to or greater than the critical limit exist implies that factors other than the crystal content are important. It is possible that while higher crystal content leads to increased bulk viscosity, 
Eruption Duration and Growth Rate of Chao
Although Chao was erupted in three stages, each stage appears to have been continuous. For instance, the Chao I /II cou16e shows little evidence of breaks in activity, although there may have been variations in the effusion rate as suggested by ramparts. Intuitively, a steady supply of magma would have been needed to keep the flow moving. This leads us to questions about the rate of magma supply, eruption duration, and growth rate. Unfortunately, such questions are not easily answered for prehistoric flows because of the errors in translating morphologic characteristics into kinetic process variables and because of the subtle but important difference between effusion rate (flux at the vent regardless of density, Vf) of magma at the vent and eruption rate (DRE or mass equivalent per second, V e ) estimated from degassed and solidified lava. Nevertheless, we attempt to provide some insight into these questions below.
We use morphometric parameters to estimate growth rates because these are the least problematic for our purposes. Kilburn and Lopes [ 1991] used data from historic eruptions to proposed the following empirical relationship between growth rate and morphometric parameters of lava fields:
(W=/L,.)H 2 sin ct = 0.1T
where W,, is the maximum width, L= is the maximum length, H is the mean depth of the flow, ct is the slope, and T is the time (days). This approach is one of the few apparently compositionindependent relationships in the literature (most of the others deal with exclusively mafic flows) and it allows an estimation of the time required for a lava field to achieve specified dimensions. Assuming a large reservoir of magma is available, the volume of a lava dome erupted onto a flat surface will be limited by the relation between the overpressure driving the eruption and the mass of the lava above the vent. Figure 9 shows that the critical control for effusion of lava is P• > Pa + pgh .
Where P, is the overpressure in the magma chamber, P a is atmospheric pressure, p is the density, g is accelaration due to gravity, and h is the height of the dome. P, can be assumed to 
Eruption Mechanism
Although there was some explosive activity during the first phase of the Chao eruption, this was volumetrically inconsequential. An outstanding question therefore,is why Chao should have erupted effusively when all the ignimbrites in the region, which it resembles in terms of composition, were erupted explosively. A magma with a moderate water content similar to Chao (-2.5%) should begin to vesiculate rapidly and fragment explosively on ascent as confining pressures decline below 0.1
GPa (1 kbar or ~4 km).
We dismiss the possibility that tephra ejection followed by lava extrusion reflects eruption from a magma zoned in volatiles [Eichelberger and Westrich, 1981; Fink, 1983] , because there is little evidence of zonation in the Chao eruptive products. Another possibility is that an initially volatile-rich silicic magma somehow released its gas as it ascended. A theoretical mechanism for loss of volatiles from a silicic magma during eruption, termed the "permeable foam" model [Eichelberger et al., 1986] , has gained widespread support despite objections by Friedman [1989] and, more recently, Fink et al. [1992] . In this model, an ascending water-rich silicic magma vesiculates to porosities as high as 55-75 vol %, at which point it becomes highly permeable to gas flow due to interconnecting bubbles. Jaupart and Allegre [1991 ] further developed the permeable foam idea, and suggested that ^) pgh + pgh + Figure 9 . Schematic illustrating pressures involved in eruption of lava onto (a) flat and (b) inclined topography. Eruption is driven by an overpressure P, and opposed by the pressure of the growing mass of lava above the vent (pgh + P,,; where p is density, g is acceleration due to gravity, h is height of dome and P,,is atmospheric pressure). Length of arrows denotes relative magnitudes of pressure. Note in Figure 9a that once a critical height h is reached, P, is exceeded and no further lava can be erupted. In Figure 9b , h never reaches a critical value because the lava is continually moving away from the vent area, and P, is never exceeded.
explosivity of a magma may depend on eruption rate; a slow eruption rate allowing gas to escape from a highly inflated magma through permeable conduit walls. Jaupart and Allegre An implication of the permeable foam model is that silicic lavas should be erupted entirely as highly inflated pumice (55-75 vol % vesicles), which then collapses due to its own weight to form a lava with porosities of less than 5%. At Chao, the initial explosive activity may have served to create a relatively permeable conduit environment in wall rock (probably ignimbrite) where degassing of the magma could take place. A low ascent rate is certainly consistent with our calculations above. However, there are two major objections to the permeable foam model for Chao.
First, it may be difficult to attain the required levels of inflation in crystal-rich magmas. Even if crystallization of the matrix took place after or during emplacement, the phenocryst content of the Chao magma was still very high (50 vol % in some samples). This objection is supported by the poor vesicularity (<30 vol % vesicles) of the pumice associated with Chao. Second, complete preemption degassing did not occur at Chao, because syneruptive explosive activity proceeded throughout phase 2; thus the magma was not completely degassed, as required by the permeable foam model. We therefore believe it is unlikely that this model is applicable to Chao or, possibly, to other crystal-rich magmas. Further, as we explain below, the apparent high water content of the Chao magma may be a "red herring" and not a factor in its eruption.
We propose that the andesitic inclusions played an important part of the Chao eruption. They are a prominent feature of the later products, appearing in the middle of the sequence (Chao 11) and becoming progressively more common in the last stage (Chao I11). Their petrologic character, ovoid shapes, vesicular interiors, and chilled margins (Figure 6d ) are typical of inclusions resulting from magma mixing throughout the CVZ and elsewhere [e.g., de Silva et al., 1993; Davidson et al., 1990; Bacon, 1986] . We interpret these inclusions as evidence that the dacite magma body of Chao was intruded by a hotter, more mafic magma. The appearance of these inclusions toward the middle of the eruption (in Chao ll) suggests that the andesite was forcibly injected into, and dispersed throughout, a large part of the chamber as disaggregated blobs. These chilled rapidly in the host dacite, producing the randomly oriented network of acicular crystals in the groundmass (Figure 7d) . Xenocrysts in the dacite derived from the mafic magma suggest that complete disaggregation of some blobs occurred. Some phenocrysts from the dacite were also incorporated into the andesite blobs. The record of more mafic rim compositions on the hornblendes and reaction rims of clinopyroxene on quartz is consistent with an increase in temperature either locally or throughout the magma chamber and supports an intrusive event. An alternative argument is that the andesitic inclusions represent a hotter, more mafic layer to the Chao magma chamber, but there is little evidence for a thermally and chemically stratified magma body.
We suggest that the intrusion event may have triggered the eruption of Chao: magma mixing/mingling is a common eruption trigger for volcanic eruptions [cf. Eichelberger, 1978; Sparks et al., 1977] . Since the inclusions and host contain similar glass compositions, thermal equilibrium between host and inclusions was reached during the considerable time it took for the Chao eruption to occur.
If the intrusion of the andesite was the eruption trigger, two scenarios can be envisaged. Figure 2) . It is the largest body in a chain of small silicic bodies known as Cerro Runtu Jarita (Figure 10d ) which is •obably the surface manifestation of a NW-SE trending dyke similar to that described from the Inyo domes, California [Fink, 1985] . Although located within the Pastos Grandes Caldera, these domes are not thought to form part of this caldera complex sensu strictu, however they may be related in a broader Chascon is a torta with a vent located roughly in its geometric center, from which lava lobes extend radially like petals of a flower. Beneath the lithified basal dome breccia of the lava body is a thin (1 m) rhyolitic pumice fall containing obsidian clasts. Clearly, some minor pyroclastic activity preceded the lava Like Chao, the vents of all these young silicic centers appear to be controlled by a series of NW-SE trending faults which characterize the tectonic fabric of this part of the APVC (Figure  1) . Chillahuita is located just to the north of the line of centers of which Chao forms a part, but it appears to be controlled by the same group of faults. Tocopuri lies at the SE extension of this alignment of volcanoes. Cerro Chascon and the associated Cerro Runtu Jarira domes appear to be the surface manifestation of a NW-SE trending dyke, whereas Cerro Chanka is at the northern extent of the NW-SE trending Inacaliri graben (Figure 2 ). All these features are located within, or dose to, the southern margin of the late Miocene to Pliocene Pastos Grandes caldera complex. The two active geothermal areas of E1 Tatio (Chile) and Sol de Mafiana (Bolivia) lie on the same NW-SE trend (Figure 2) .
The Piedras Grandes dome complex is another example of a large silicic lava body in this region. However, this complex is much older, about -7.5 Ma [Marinorig and Lahsen, 1984] , and is an extrusion related to eruption of the Toconce ignimbrite formation [de Silva, 1989b] . It is not part of the episode of activity discussed above but is included in the following discussion for comparative purposes.
Relationships Between Lavas and Ignirnbrites
Examination of Table 7 (Table 7) , but differ from the silicic lavas erupted from composite cones throughout the CVZ, which have higher large ion lithophile and high field strength element concen•ations and lower Sr and higher Nd isotope ratios. Chanka shares the characteristics of the lavas from the composite cones, and this, coupled with its apparent older age, indicates that it does not form part of the recent episode of silicic volcanism we are describing.
Their trace element and isotopic chemistry suggest that the CVZ ignimbrites were produced dominantly by large-scale crustal melting, possibly triggered by mafic magmas from an asthenospheric source. Similar mafic magmas may also rise into the upper crust, experiencing contamination on the way, to feed the magma chambers of the central volcanoes, where further assimilation and fractional crystallization yield small volumes of silicic magma [de Silva, 1989a , Figure 5] .
The close resemblance in composition of Chao and other young domes to the older ignimbrites demonstrates that silicic magmas of largely similar composition have been erupting in the APVC since the late Tertiary. This combined with the domes' similarity in age, proximity to each other, and their location within the zone of silicic magmatism, allow us to speculate that the domes may represent a discrete new period of silicic magmatism. de Silva [1989a] has argued that the continuing geothermal activity and the presence of the young silicic volcanic products indicate that the silicic magma system beneath the APVC may still be active. Chao and the other domes may be leaks from this large silicic magma system and thus should be regarded as the most recent expression of continuing activity. 
Regional Significance of the Young Silicic Lavas
Given that the other young silicic lavas all share a general family resemblance and may represent the same magmatic episode, is it possible that intruding mafic magma was as important in their eruptions as at Chao? Recent work at Chascon and Runtu Jarita where magma mixing is abundant, certainly implicates this as an eruption trigger (R. Watts and S. L de Silva, unpublished data, 1993) . All the lavas appear to be in an advanced stage of evolution, and there seems little likelihood they would have erupted without some trigger. We note that periodic intrusions of marie magma are thought to be an important feature in the long term evolution of large continental silicic magmatic provinces [cf. Hildreth, 1981] . We conclude that intrusion of marie magma was likely to have been the eruption trigger.
If the young silicic lavas described here do indeed represent a discrete new episode of leakage from a regional silicic magma reservoir, two interesting possibilities emerge. On the one hand, the episode may constitute the waning stages of the magmatic system. In tiffs case, the dacite lavas represent "residual" volatileIx)or magma left behind after the massive explosive eruptions that produced the ignimbrites and then refueled by intruding mafic magma. In this case, the moderate water content of the dacites inferred from their mineralogy would be an artefact of the original magma, and therefore a "red herring" that is not relevant to the eruption mechanism of the lavas.
On the other hand, the young dacitic lavas may herald birth of a "new" growing silicic magma system beneath the APVC, produced in response to the melting of upper crustal material (probably the plutonic equivalents to the ignimbrites) by mantlederived mafic magmas. Either of these scenarios would explain why essentially similar magmas erupted explosively over a period of 10 m.y. as huge volumes of ignimbrite during the early history of the magma system, followed by small, quiet effusions in this last episode we are describing.
It is not clear which of these is more likely. The interval between the last major ignimbrite eruption and the eruption of Chao is about 1 m.y., and volatile-depleted magma would probably have solidified during this time. In this light, the remelting scenario becomes more appealing but is problematic because it is difficult to see how phenocrysts such as hornblende are preserved without resorption. Further work is needed to resolve these issues, but in either case, Chao and its neighbors may define the extent of the presently active magmatic system and, in the latter case, may indicate the location of a future caldera.
Summary and Conclusions
Chao is an exceptionally large volume, composite coulre composed of homogeneous, crystal-rich, dacite. Its eruption proceeded in three main phases; a short initial explosive phase was followed by two dominantly effusive phases during which over 90% of the magma was erupted. Chao is similar to other silicic lava bodies in rheologic and eruptive parameters. 
